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The problem: Earth observations of the biosphere are spatially biased in ways that can limit 
our ability to detect macroecological patterns and biodiversity change. To resolve this 
problem we need to supplement ad hoc data currently collected, with planned biodiversity 
monitoring, in order to approximate global stratified random sampling of the planet. We call 
this all-encompassing observing system ‘the macroscope’. 
The solution: We identify seven main biosphere observation tools that compose the 
macroscope: satellites; drones; camera traps; passive acoustic samplers; biologgers; eDNA; 
and human observations. By deploying a nested array design of these tools that fills current 
gaps in monitoring, we can achieve a fit for purpose macroscope and turn these existing 
powerful tools into more than the sum of their parts. 
An appeal: Building a macroscope requires commitment from multiple fields, together with 
coordinated actions to attract the level of funding required for such a venture. We call on 






From its inception, macroecology has focused on using large datasets to establish general 
ecological laws (Brown & Maurer, 1989). Macroecological studies are large on at least one 
of three axes—space, time or number of taxa (McGill et al., 2016) and show with data, rather 
than assert, that patterns are general and inferences about processes apply across a range of 
contexts.  Macroecological laws can be about a variety of things, including the distribution in 
space and time of living organisms and organismal traits or how these distributions relate to 
environmental conditions and contribute to ecosystem function. Every field has a 
fundamental toolkit that produces the data necessary to put scientific laws to the test: 
astronomers have telescopes, weather forecasters have satellites and networks of ground 
instruments, and cell biologists have microscopes. In this paper, we argue that macroecology 
needs a macroscope: a toolkit that cohesively surveys biological diversity across the entire 
planet. We are not the first to make this argument. In the words of John Lawton: 
 
“the fairy lacks a macroscope (…). Ecologists, too, lack a macroscope– a machine that 
reveals big patterns that emerge from a mass of local fuzz…”  
(Lawton, 1996) 
 
The need for a macroscope is made more urgent because of the massive transformation 
currently occurring in the biosphere. Ecologists agree that the planet is undergoing drastic 
and rapid changes in biodiversity, having even named the current epoch as the Anthropocene. 
However, the nature of these changes is controversial. On one hand, there are reports of 
unfolding “defaunation” (Dirzo et al., 2014), losses of 70% of wildlife (LPI, 2016), 
“biological annihilation” (Ceballos et al., 2017), and an “insect armageddon” (Hallmann et 
al., 2017; Sánchez-Bayo & Wyckhuys, 2019). On the other hand, there is evidence of “no net 
change of species richness” on average (Vellend et al., 2013; Dornelas et al., 2014), or 
evidence of local increases (Elahi et al., 2015), and of gains and losses being balanced 
(Dornelas et al., 2019). On both sides of the debate there are criticisms and counter-criticisms 
(e.g. (Gonzalez et al., 2016), vs. (Vellend et al., 2016); (Hallmann et al., 2017; Sánchez-Bayo 
& Wyckhuys, 2019) vs. (Thomas et al., 2019)). An important point of contention is that the 
biodiversity data are taxonomically and spatially biased (Collen et al., 2009; Dornelas et al., 
2018).  Given the fact that biodiversity changes vary across biogeographical regions (Blowes 
et al., 2018), these biases can potentially limit our ability to detect global trends in diversity. 
However, these biases are common across global compilations of biodiversity data  (Beck et 
al., 2012) and are likely driven by the distribution of scientists and funding (Meyer et al., 
2016). Hence, to fully resolve these debates, we need a cohesive, planned approach for global 
biodiversity monitoring. 
 
From a technical point of view, the timing is ripe to build a macroscope. Initial 
macroecological studies used almost exclusively human observations of organisms, but 
increasingly the types and volume of data are expanding. Technology is changing how we 
observe life on the planet, and tools like satellites, drones and underwater vehicles allow us to 
access parts of the planet that have been understudied and/or are not amenable to direct 
human observation. Automating some parts of biodiversity monitoring can facilitate the 
expansion process we are proposing, and instruments that detect the image, sound and 
chemical evidence of the presence of diverse life are expanding and becoming more broadly 
accessible. The macroscope should aim to leverage these tools to complement human 
observations, but maximising the transformative effect of these new approaches requires 
integrated design and deployment. 
 
We propose a macroscope that will represent the biosphere of the entire planet in an unbiased 
manner, and hence should aim towards stratified random sampling at a planetary scale. 
However, there are significant differences between marine, freshwater and terrestrial realms 
in terms of accessibility to humans, observability, anthropogenic pressures (Bowler et al., 
2018), and biodiversity change (Blowes et al., 2018). Air and water have vastly different 
chemical and physical properties and dynamics, which act to govern and constrain species’ 
biology, ecology and evolution (Strathmann, 1990; Steele et al., 2018). Consequently, 
research questions, methods and data vary greatly across the aquatic-terrestrial interface, 
much more so than they do within realms. Although biodiversity observatories have much to 
gain from learning from experiences and practice across realms, the design of the macroscope 
will need to be tailored to each realm. The marine realm covers most of the planet (70%) and 
is more volatile in conditions (Bates et al., 2018) and in its rate of biodiversity change 
(Blowes et al., 2018), yet most of the marine realm remains out of sight. In this paper, we 
focus specifically on the marine realm, while envisioning that the macroscope should 
function across the entire planet.  
 
 
Design of a macroscope  
 
Unlike telescopes and microscopes, the macroscope is not a single tool. Rather, it is the 
integration of many tools that detect different things and at different resolutions. We envision 
the macroscope being like the networks of telescopes astronomers place strategically around 
the world to observe exoplanets continuously, or using different wavelengths that combine to 
form images. Because the biosphere varies so much in location, scale and signals that allow 
us to detect it, we require a variety of tools (Figure 1). Specifically, we identify seven 
interconnected component tools that can contribute complementary data to the macroscope: 
satellites; drones; camera traps; passive acoustic samplers; biologgers; eDNA; and human 
observations (Figure 1). These tools contribute to the biodiversity observing system, like 
different lenses contribute to a microscope. Below we describe each of these tools and what 
they contribute to the macroscope (Figure 2). 
1. Satellite data 
Satellites are the only of the tools explored here that allow truly global coverage of the 
surface of the planet. Since the first images of this blue marble we call planet Earth were 
taken from space a few decades ago, satellite remote sensing has evolved and expanded 
remarkably. Satellite remote sensing refers to the acquisition of information via satellite-
mounted sensors that measure the intensity of radiation in a particular range of the 
electromagnetic spectrum. Sensors on board satellites can monitor a range of radiations 
including visible light, near-infrared radiation (multi- and hyperspectral remote sensing; 
LiDAR) and microwave radiation (radar). The information that they capture is delivered in 
scenes (or images) which provide snapshots of a particular area at a particular time of the 
Earth’s surface from above. Because different organisms, different parts of organisms, and 
parts in different states of health all show distinct reflection spectra, it is possible to tell much 
about biological systems just from light-based snapshots. These snapshots can be used to 
estimate many variables relevant to marine ecology and environmental management, 
including seascape change monitoring (e.g., change in distribution of coral reefs, sea grasses, 
and mangroves); climate change impact analysis; and tracking of anthropogenic pressures to 
biodiversity (such as eutrophication, fishing, oil spills and run-off; (Kachelriess et al., 2014)). 
There have been numerous notable recent reviews and books on the applications of RS for 
coastal managers (Miller et al., 2005; Klemas, 2010; Weng, 2010), coastal biodiversity 
indicators (Strittholt et al.), mangrove ecosystems (Kuenzer et al., 2011), seagrass meadows 
(Kirkman, 1996; Dekker et al., 2007), reef fish management (Hamel & Andréfouët, 2010), 
shark and ray ecology (Williamson, 2018), and fisheries science (Klemas, 2013). 
 
Satellite remote sensing is a fundamental component of the macroscope. Global products 
derived from the information captured by sensors on-board long-term satellite missions are 
widely accessible and offer a relatively inexpensive and verifiable means of deriving 
complete spatial coverage of environmental information for large areas in a consistent 
manner that may be updated regularly. Satellite imagery is the most effective means to 
provide the context of biodiversity, but it also has limitations. First, satellite remote sensing-
based techniques can address spatial and temporal domains inaccessible to traditional, on the 
ground, approaches, but cannot match the accuracy, precision, and thematic richness of in-
situ measurements and regular monitoring. Satellites cannot “see” below a few metres, and so 
direct remote detection of most species in the sea is impossible using this technology alone. 
This has a direct analogue in meteorology where the global perspective of satellite imagery 
and the more accurate and fine scale measurements of ground instruments are essential 
complements to each other in the effort to track and predict weather. Large vertebrate marine 
species may be detectable from space, but the required imagery to do so can be expensive 
(Fretwell et al., 2014). The main limitations are cloud cover and the resolution of the imagery 
collected, but very high spatial resolution imagery (i.e., <1 m) is rapidly becoming more 
widely available (e.g., Planet’s daily high-resolution whole-earth imaging). 
 
2. Drones, ROV and AUV Imagery 
To collect higher resolution imagery and access depths, observing tools need to be closer to 
the objects being observed. Drones, Remotely Operated Vehicles (ROVs) (Heifetz et al., 
2009) and Autonomous Underwater Vehicles (AUVs) (Wynn et al., 2014) are robotic 
platforms that can carry camera payloads as well as navigation instruments and additional 
environmental sensors, and hence collect imagery and measure local environmental 
conditions over locally-extensive areas. They have been used extensively to collect in-situ 
imagery and water column information in support of the study of marine ecosystems. An 
important advantage of these unmanned tools is that they allow access to difficult locations 
including deepwater sites of significance in the areas of geothermal activities, at plate 
boundaries (Yoerger et al., 2007) as well as in extreme environments under ice (Jakuba et al., 
2018)( A properly instrumented platform is able to provide georeferenced imagery by 
combining multiple navigation instruments such as depth (pressure sensor), orientation 
(attitude heading reference systems), speed over the bottom and absolute position.  
 
Similar to satellite data, these tools can collect imagery across the radiation spectrum 
including stills and video of multispectral, hyperspectral and structured light. Given the 
closer proximity to the ecosystem being observed, the resolution of the imagery is much 
higher, which allows organisms to be identified within the ecosystem and to also quantify the 
structures they form. However, electromagnetic waves (including light) strongly attenuate in 
water (Kirk, 1977; Jaffe, 1990), with the maximum effective range (and footprint) for 
underwater imaging is a few meters, meaning that large-scale or even global coverage like 
above-surface remote sensing is not possible. These tools allow surveying at depth, where 
satellites cannot see, a critical point given that the mean depth of the oceans is 4kms. 
Therefore, these tools are integral to the macroscope in providing large but detailed snapshots 
of marine ecosystems and their inhabitants (Williams et al., 2012). However, they are not 
well suited for capturing mobile organisms because of the time-consuming processes 
involved in the surveys. Moreover, while in theory it is possible to automatically detect the 
organisms from this imagery, and great strides have been made in developing automated 
tools to streamline data processing, in practice the resolution and reliability of this detection 
process is still low and requires extensive human effort to go from the imagery to usable 
observations. 
 
3. Camera traps 
For even higher resolution imagery, and specifically for capturing mobile organisms, we can 
embed image collecting tools into the ecosystem. Camera traps remotely record still or video 
imagery of animals in their natural habitat. Like drones, these can be deployed at depth and 
have been instrumental in improving our understanding of both the pelagic zone and the deep 
sea. Camera traps have historically been cameras activated by an active or passive sensor 
(e.g., motion, infrared, light, etc.) (Caravaggi et al., 2017) but can also include non-triggered, 
continuous (i.e., video) cameras or cameras capturing imagery at specified intervals. 
 
Camera traps have two key advantages that make them essential parts of the macroscope. 
Camera traps are responsive to signals that an organism is present, making them well-suited 
to generating data on mobile species presence, diversity, distribution, and behaviour that is 
largely free of human influence. Second, camera traps require minimal time and effort to 
collect data (but with substantial post-hoc image processing).  
 
Camera traps, hold great promise for marine science and conservation. They have been 
integral to observing the deep sea, but the development and mass production of affordable 
digital cameras have made them the most inexpensive of the tools described here.  For 
example, their data may help establish baselines of species’ populations; allow discovery of 
rare, threatened, or ‘new’ species; establish survival rates; and compare species’ presence and 
behaviour across different places and times (e.g., inside vs. outside of marine protected areas; 
(Bond et al., 2012)). Although camera traps are fixed to a point, they record for a long period 
of time. This allows them to effectively sample across space for mobile organisms. And it 
also allows for temporal monitoring (e.g. phenology, ecosystem health) of immobile 
organisms. 
 
A number of general limitations surround camera traps, such as providing a spatially- and 
temporally-limited scope of observation (i.e., the camera’s field of view). Decreasing sizes 
and costs of cameras will allow greater numbers of cameras to be deployed to address this 
limitation. Battery and data storage limitations can be solved by advances in battery life and 
memory capacity. The current lack of standards for data management and sharing (Rowcliffe, 
2017) could be alleviated with cheaper cloud-based data imagery storage and the 
development of universal standards. 
 
The marine realm poses extra challenges. Physics dictate that heat- and motion-detection 
triggers do not work in aquatic environments where constant motion is the norm. Night time 
studies are particularly problematic: infrared radiation, which is invisible to fishes and needed 
for unobtrusive illumination, travels very little through water. Extremely low-light-sensing 
cameras paired with far-red illumination that is invisible to most fishes may help (Madin et 
al., 2019). Lastly, marine environments typically have low contrast and constant movement 
of particles, rendering automated image processing difficult. Optical back-scatter filters to 
improve image clarity (Mortazavi et al., 2013) hold promise, though some manual image 
processing will likely still be necessary. 
4.  Passive acoustic sampling 
Many marine organisms are only infrequently available for visual detection, but can be 
sensed by the sounds they produce. Hence surveying the soundscape is integral to a 
comprehensive macroscope. Passive acoustic monitoring (PAM) is used to determine the 
location, abundance, and density of vocal marine animals. Most aquatic mammals as well as 
some fish and invertebrates produce sounds that are distinctive enough to infer species from a 
high quality recording. The species richness of vocal animals as well as information about 
their habitat (Merchant et al., 2015) can therefore be deduced from sound recordings. Even 
silent animals can be monitored if tagged with acoustic transmitters that send coded signals. 
As sound propagates with low but frequency-dependent attenuation in water, animal sounds 
can be detected at ranges of 100's of metres (high frequencies) to 100's of km (low 
frequencies) (Richardson, 1995) giving far greater sensory volumes than for cameras albeit 
with less definitive information about each detection. 
 
Acoustic monitors are widely deployed on moorings or towed from ships but are also 
increasingly finding applications in autonomous platforms such as gliders and drifters. Large 
scale PAM arrays (Carlén et al., 2018) can sample the spatial and temporal distribution of 
animals potentially in tandem with environmental forcing factors including human 
disturbance (McCarthy et al., 2011). However classification is challenging for species with 
similar calls or when dealing with rare species for which infrequent detections may be 
overwhelmed by false alarms from more abundant vocal species. Deep learning and citizen 
science are promising avenues for improving the cost-effectiveness of acoustic data 
processing. But there is also a need for more basic information from many species on 
individual call rates and characteristics to improve population estimates from acoustic 
detections. 
5. Biologgers 
Deciding how and when to deploy static sensors is an important element of all the tools 
discussed so far. Data gathered by sensors that move with an animal offer a Lagrangian 
complement (following an individual) to the Eulerian perspective of fixed macroscopic 
sensors. This type of sampling reveals, for example, how often prey are actually encountered 
by a predator as opposed to the prey resources potentially available at a particular location. 
Biologging involves the use of animal-attached sensors that collect data about the 
movements, activity level, behaviour, state of health, and immediate environment of 
individual animals. The need for tools to study aquatic animals that live most or all of their 
lives out of human sight has driven the development of increasingly sophisticated tags. 
Animal tags vary widely in their sensing capabilities from short duration multi-sensor devices 
with extremely high resolution that collect data about individual predatory events 
(Wisniewska et al., 2016) to tags that gather relatively sparse data over the entire lifetime of 
an animal (lifetime tag). A major factor affecting the choice of sensors, data rates, duration, 
and study species is whether data are stored on-board requiring recovery of the tag, or are 
telemetred making the tag disposable. As radio signals propagate poorly through salt water, 
radio telemetry (and GPS positioning) is only possible for animals that come to the surface, 
e.g., to breathe. Even so, the amount of data that can be transmitted from animals that are far 
from shore, requiring satellite telemetry, is extremely limited. For animals that never surface, 
low rate acoustic data telemetry is possible over short ranges but requires the installation of 
receiving moorings. 
 
Miniature low-power sensing and data handling technology developed for consumer 
electronics has been a critical enabler of biologging devices. However, battery capacity 
remains a major constraint leading to their widest use on large animals that are capable of 
carrying relatively large devices. The advent of the Internet of Things (IoT) will expand the 
sensing, power harvesting and data telemetry options for biologging devices, making it 
feasible to study smaller species, in more detail, and for much longer. 
6. eDNA 
Sounds and images are not the only detectable evidence left by living organisms on the 
planet. Environmental DNA (eDNA) refers to all the genetic material that can be recovered 
from an environmental sample sourced from whole organisms such as bacteria or micro-
eukaryotes, biological secretions such as blood or mucus, reproductive propagules, excretion, 
shed skin cells, hair or degrading tissue, or simply free DNA molecules (Taberlet et al., 
2018). By compiling the information embedded within the DNA, we can begin to overcome 
the dependence on traditional biological surveys and taxonomic expertise, which rely heavily 
upon identifying whole organisms through their morphology. In contrast, the development of 
DNA barcode reference databases (e.g. GenBank or BOLD) coupled with advances in DNA 
sequencing technologies (i.e. next-generation sequencing, NGS) has catalysed the techniques 
known as ‘metabarcoding’. Put simply, NGS has enabled DNA barcoding to transition from a 
focus on single organisms to multi-substrate biological samples such as seawater or sediment. 
The result of this advance is a significant improvement in our ability to generate powerful 
biological surveys of any environment that can be viewed under a macroscopic lens. 
 
Metabarcoding of bacterial taxa using a conserved barcoding gene (16S rRNA) is a well-
established method to survey prokaryotes and global-scale initiatives to deploy this approach 
are underway (Gilbert et al., 2014). The development of metabarcoding to survey eukaryotic 
systems, on the other hand, has lagged, but is now rapidly increasing (Jarman et al., 2018). 
This lag is due in part to the inconsistency in selecting amplifiable barcoding genes, lower 
concentrations of non-bacterial DNA isolated from environmental samples, and the paucity 
of reference databases, particularly those sourced from remote locations. The strength of 
eDNA-based approaches in this context are that it can 1) rapidly generate large volumes of 
sequence data (see (Taberlet et al., 2018) and references therein), 2) complement (but not 
replace) existing monitoring programs by identifying cryptic taxa missed by traditional 
survey methods (Stat et al., 2019), and 3) by combining assays, capture a broader range of 
phylogenetic diversity (i.e. Tree of Life Metabarcoding; (Stat et al., 2017)). Moreover, given 
the dilution of DNA (in seawater) coupled with high rates of DNA degradation in the 
environment, eDNA can often provide a localised ecological signature and short-lived “time-
stamp” of resident taxa (Stat et al., 2019), particularly if the extracted DNA is “biobanked” 
into long term storage (Jarman et al., 2018). 
 
There are general limitations with eDNA metabarcoding  that include: (i) a limited ability to 
relate DNA read frequency within a sample to species abundance within a sampling site, 
particularly for multi-species assays, (ii) taxonomic biases in DNA amplification, and (iii) 
incomplete DNA reference databases. This means that most eDNA studies, particularly those 
within the marine realm, often fall back on the relative safety of presence/absence data. 
Moreover, it is widely acknowledged that when using amplification approaches, some assays 
will fail to detect taxa of importance due to non-amplification of their DNA or failure to 
detect targets within the much larger microbial ‘haystack’. Despite these limitations, eDNA is 
fast becoming an important part of the ‘macroscope’ that, with further refinement, will 
facilitate a powerful new age of ecological data generation across the tree of life. 
 
7. Human observations 
Humans started their early discovery of the world identifying species. Indeed, humans are 
exceptional at detecting differences in shape, size, contrast and sound.  Perhaps it is this 
combination of a natural interest in the biological life forms with which we share our planet 
and our senses and reasoning capabilities that make humans excellent instruments for 
biodiversity observation. The numerical capacity of humans, combined with a wired world, 
means we are now connected at scales previously unimagined – translating to an unparalleled 
instrumental workforce on Earth. 
 
We have centuries of human observations of biodiversity on the planet, and collating and 
curating these is an important component of the macroscope. In the past decade, numerous 
databases of expert observations have been compiled e.g. BioTIME (Dornelas et al., 2018), 
OBIS (Read et al., 2010), GBIF (GBIF, 2015) and LPI (LPI, 2016). In addition, some 
monitoring protocols have been deployed across many times and locations across the planet 
(e.g. Reef Life Survey (Edgar & Stuart-Smith, 2014)). Many of the monitoring datasets 
included in these databases are ongoing and the macroscope will maximise their efficiency by 
complementing these efforts. In addition, citizen scientist observations can add to and further 
complement expert observations (Bird et al., 2014). Humans are instruments, and as we 
engage with the reality of ‘big data’, volunteers will be increasingly essential to growing the 
capacity to collect data through our everyday activities. With new technologies we have more 
data. Citizen scientists can also help with streamlining the process images and acoustic data, 
such as with the "Digital Fishers Program". Here, citizens screened images from an 
observatory camera at 1000m (at the Oceans Network Canada), to identify those where a fish 
is present. The biggest limitation of human observations is that they are biased in frequency 
towards the time and spaces that humans occupy - i.e., humans are tied to land and primarily 
temperate and tropical climate zones. 
Data continuity 
One of the challenges of biodiversity assessment is that our view of variation in species 
abundances and identities over space and time is influenced by the lens through which we 
examine the systems involved. In principle, the concept of completely automated biodiversity 
data collection and analysis, implemented in an efficient way and with global reach, is 
extremely attractive. In practice, however, authoritative assessments of biodiversity patterns 
depend crucially on human input, to ensure that data collection is truly representative and 
consistent with the goals of the investigation(s), to oversee the handling and analyses of the 
data once collected, and to provide meaningful interpretation of the results. 
 
The first important consideration is how data are collected, particularly what, how and where 
we sample. It is well known that different types of sampling methods will record different 
fractions of the assemblages of interest (Coddington et al., 1991; Sørensen et al., 2002). For 
example, samples of river fish collected using seining versus electro-fishing quantify 
different subsets of the diversity of the fish assemblage (Deacon et al., 2017). The time of 
day or season at which sampling takes place can also influence our perception of diversity in 
a locality (Grøtan et al., 2012). As such, comparative analyses have the potential to be 
influenced more strongly by differences in sampling methodology than by underlying 
variation in the diversity they seek to enumerate.  A vast amount of experience about the 
strengths and weaknesses of different ecological methods has been built up over the years 
(Krebs, 1999; Southwood & Henderson, 2000), and is reinforced through hands-on 
fieldwork. This expertise will play a key role in biodiversity assessment for the foreseeable 
future. 
 
A second, and related, area in which human experts are irreplaceable is in providing 
continuity over time and space. To provide informed analysis of biodiversity change 
(Dornelas et al., 2014), for example, we need to make best use of long time series of 
biodiversity data, some of which – especially in earlier decades – were compiled using 
methods that are now recognised as flawed. The objectives of long term data collections can 
also change over time, sometimes to the extent that a new scheme is adopted.  One way of 
dealing with this is to run old and new sampling schemes in parallel for a number of years, 
and measure the extent to which trends can be evaluated confidently in both (Magurran et al., 
2010). Longer time series are also often affected by taxonomic revisions, and here again 
users are dependent on system experts to ensure that their analyses and conclusions are a fair 
reflection of the assemblages being monitored (Richardson et al., 2006). 
 
A final issue is how we set the boundaries, in terms of space, time and taxonomic scope, of 
our assemblage of interest. This requires reflection and expert knowledge. For instance, 
temporal turnover means that while the numbers of species present at a given locality may be 
roughly constant over time, the species list will grow (Magurran & Henderson, 2003). There 
are now powerful statistical tools that can be used to, for example, deduce the number of 
unseen species in rank-abundance distributions (Chao et al., 2015), but the effective 
application of these methods depends crucially on ecological knowledge. The macroscope is 
a much needed resource, but it will complement rather than replace humans as observers and 
interpreters of the Earth’s biodiversity. 
 
The macroscope as more than the sum of its individual tools 
At the present time, biodiversity monitoring is spatially biased, leaving the majority of the 
world’s oceans under-resourced and out of sight and out of mind (Richardson & Poloczanska, 
2008). Taxonomic biases are also well-acknowledged, with much more information on 
biodiversity gleaned from vertebrates, and particularly the species we harvest. 
 
The technology required to monitor biodiversity across our global ocean at depth, within 
pelagic systems, at the poles, and across seasons to include times of the year which present 
access challenges (winter, monsoon, hurricane) exists.  The infrastructure support for funding 
research operations in remote regions or times of the year that are hazardous to humans and 
instruments alike is expensive and difficult. To launch human and remotely operated vehicle 
expeditions and power instruments on the seafloor requires ship time to access sites and 
deploy instrument platforms, pilots for underwater vehicles, and technicians.  Offshore and 
polar research expeditions also require field support teams to ensure health, safety and 
security of the researchers involved in these expeditions. These costs rapidly accumulate and 
therefore, to deploy our proposed macroscope, a strategic funding program is fundamental – 
but it will require a paradigm shift in our thinking, scientific culture and research 
prioritization. Specifically, the macroscope requires much more integrated science, across 
disciplines, within ecology and across geographic borders. 
 
The macroscope we propose aims to achieve better biodiversity monitoring by leveraging the 
strengths of each component tool in a nested, multi-scale design that approximates global 
stratified random sampling of the planet. Satellite imagery can document wholesale 
ecosystem-level changes (as least for the Earth’s surface). This coarse grained classification 
of the planet should help define how to structure more detailed observations. To maximise 
our ability make inference, we should then randomise where within these stratified regions to 
deploy other tools. Other types of remote sensing, combined with human observations, can 
flag regions and taxa at risk that require urgent detailed observations to provide information 
that guides action. At specific locations, both at regular intervals and in response to changes, 
arrays of unmanned vehicles, camera traps, PAMs and eDNA sensors can be deployed to 
provide detailed and complementary information (Figure 2).  
 
Synthesising data across tools 
Data synthesis revolves around drawing together and analysing the vast range of data products 
to address questions of pressing importance. However, synthesis is challenging because data 
sources from different scientific fields and technologies are notoriously difficult to find and 
interpret (Reichman et al., 2011), let alone access and integrate into the streamlined analysis 
pipelines required for macroscopic synthesis (Schildhauer, 2018). Indeed, the more 
heterogeneous the data collected, and the newer the technology, the greater the chance of ad 
hoc and disconnected data management approaches. However, amassing raw data from among 
and across levels of the macroscope into a centralized database is not ideal. Centralised data 
systems are not a practical solution for heterogeneous data (Jones et al., 2006) because they 
lack the flexibility for fast-evolving fields and technologies. Rather, the backbone of a 
macroscope should be a series of domain-specific data registries, set up and added to by the 
scientific communities that know their data products best.  
 
The registry idea is not new. Metadata standards and repositories have been around for decades 
(Jones et al., 2006), but adoption is slow and sporadic. There is little incentive for busy 
researchers to use the repositories. Perhaps due to expense or efficiency, repositories tried to 
service whole disciplines (e.g., ecology). They were developed during the 1990s when 
ecologists were more protective of their data, and so the actual data sets associated with 
metadata are often not accessible. Essentially, smaller research groups and communities felt 
no ownership, and so no incentive to participate. Finally, and perhaps most importantly, 
examples of ground-breaking research emanating from repository initiatives remain rare. 
 
The macroscope needs an alternative approach: smaller, flexible registries set up within 
domains by domain scientists.  Like metadata repositories, registries would provide enough 
information for discovery based on attributes like location, time and, if applicable, taxonomy. 
Such registries should lead directly to the data—no roadblocks!—whether these data are 
supplemental to published papers and reports or large relational databases. Registries would 
not store data but would encourage data be stored in future-proof storage systems that will 
likely differ tremendously among disciplines. A registry would act as a conduit for 
communication and coordination among the various parts of the macroscope. Coordination 
might include development of handbooks for standard data collection methodologies, as well 
as standards for measurement units and common libraries of terms (Kissling et al., 2015; 
Navarro et al., 2017). Common terms would allow mapping among macroscope parts using 
logic (e.g., via ontological reasoning; (Madin et al., 2008). Moreover, common data structures 
and measurement standards across macroscope parts would guide data integration processes 
(GLOBIS-B, 2019). New technologies could easily plug-and-play with a flexible, connected, 
yet decentralized, data registry system. In summary, the connection between parts of the 
macroscope requires a light, flexible solution that is controlled by the research groups and 
communities that know them best.  However, it should also ensure that data is accessible and 
can serve to link disparate data sources through a common registry-based conduit. 
 
An appeal to the field 
 
Most of the pieces to construct a macroscope exist, but to build a macroscope we need 
substantial funding, coordination and support from across different fields of ecology. 
Although ecology has always been the poor relative of the biological sciences, it is asked to 
answer some of the most pressing and relevant questions of humanity like how to achieve 
sustainable food and water provision. These are questions that transcend specific subfields 
and scientists, and can only be answered by everyone pulling in a similar direction. The 
exploration of the limits of the universe led to building of the Hubble telescope. The search 
for the boson led to building the large hadron collider. We believe that understanding how the 
biosphere is changing is one such question, and it can best be resolved by building a 
macroscope. Large scale assessments like the Millennium Ecosystem Assessment (Board, 
2005) and the Intergovernmental Panel on Biodiversity and Ecosystem Services (IPBES) 
global assessment have highlighted the big challenges and societal impact of ecological 
research. Ecologists now have an audience, and therefore we must rise to the challenge and 
recognise the need for a shift from an individualist to a collectivist scientific culture.  
 
The benefits of building a macroscope extend well beyond the field of macroecology, 
ecology and conservation biology. Arguably, the macroscope is essential to detect and avert 
global scale ecological collapse. Given signs of an unfolding mass extinction (Barnosky et 
al., 2011), such a detection system seems critical to protect the systems on which humans 
depend. The macroscope would allow macroecology to inform decision making regarding 
biodiversity from local to global scales. (Rapacciuolo, 2019) outlines how macroecological 
models can be more useful for management. Here we propose how more and better integrated 
data can help macroecology provide the basis of more informed biodiversity policy. If the 
IPBES is going to follow in the steps of the IPCC, biodiversity data needs better coverage 
and quality of observations through both space and time. It needs a global stratified random 
sampling of biodiversity across the planet. We argue that most of the parts for building the 
macroscope already exist, and hence the timing is ripe to build it. What is necessary is 
targeted substantial investment and structured coordination among the relevant research 
communities and funding agencies so that the whole can become more than the sum of its 
parts. Networks such as GEOBON, MBON and GOOS have the goal to build global 
observing system. In this paper we propose a vision for how this system could look like, and 
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Figure 1: The macroscope is composed of seven tools integrated to detect a variety of signals 
of life. The diversity of organisms to be surveyed and the range of relevant spatial and 
temporal scales required for appropriate biodiversity monitoring justify the need for the 





Figure 2: Each of the macroscope tools operates at different scales and resolutions, and 
contributes unique data to the observation of biodiversity across the planet. 
 
 
 
